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RBsumB. -Les changements de valence dans les compos6s de terres rares s'accompagnent de modifications importantes des rayons ioniques des terres rares. Nous Btudions les effets des variations des dimensions ioniques sur la thermodynamique des changements de phase dans ces systkmes et sur la dur6e de vie effective des Btats individuels de valence entihre.
Abstract. -Valence changes in rare-earth compounds are accompanied by significant changes in the rare-earth ionic radii. We consider the effects of such ionic size variation on the thermodynamics of phase changes in these systems and on the effective lifetime of individual integral valence states.
It is now well established that many compounds of rare-earth elements from the middle or the ends of the lanthanide series exhibit intermediate valence in certain regions of pressure-temperature-alloying space [I] , and that varying these parameters can lead to transitions, of varying degrees of sharpness, from integral to non-integral valence and, in appropriate cases, from semiconducting to metallic character. It seems clear that the trigger for these transitions is electronic in origin, a delocalized (band) fn-'(sd)' state becoming degenerate with a localized f n ionic state, but equally it seems likely that in most cases positive feedback for the transition is provided by lattice contraction, driven by the radical reduction in ionic size in changing from f" to fn-'(sd)' (for example the ionic radius changes by almost 20 % in going from Sm+ + to S m + + + ) [2] :
Coulombic interactions between delocalized electrons and the holes they leave behind also accelerate the transition.
A reasonably complete theoretical analysis of intermediate valence systems seems out of the question at present and all of the theoretical work to date has inevitably involved drastic approximation. For example, the electronic properties have been considered in a quasi-particle manner as effective single particle f or (sd) excitations above an fn-' core, despite the fact that the difference of the ionic radii of the f* and fn-' ions shows that, even in Hartree-Fock approximation, the self-consistently determined single-particle orbitals making up these ionic states are different in the two cases. The effect of the lattice energy on the phase stability has been considered both empirically [3, 41, employing a simple compressibility expression, with [3] and without [4] interpolation for the dependence of the equilibrium volume on valence, and with two opposite extreme microscopic models [5, 61 ; in one of these extreme models the lattice energy was calculated as though each rare-earth ion had the average f-electron occupation and ionic radius [5] ; in thd other, each ion was taken as being either fn or fn-' in the proportions required by the overall valence, but randomly mixed and interacting elastically (but not just harmonically) [6] . It should be emphasized that the latter can be a well-defined procedure for calculating the energy without implying that the actual ions do always have a particular pure valence. One of the aims of this paper is to consider the factors which determine which of the above models, which we shall refer to henceforth as the static and adiabatic approximations, is the more appropriate. Our second objective is to consider the related effects of electron-lattice interaction on the effective lifetime of the pure ionic states ; with one exception [7] this has been ignored in the literature. For simplicity we shall restrict ourselves here to a zero-temperature analysis although extension will be obvious.
In view of the complexity and intractability of the complete problem we shall consider explicitly only those features of the problem which seem essential to an understanding of the relevance of electron-lattice interaction. We therefore consider the following simplified Hamiltonian where We are employing the effectively-splinless two-band quasi-particle approximation [2] with f l the creation operator for an extra f-electron (fn-' + fn) at site i, ck+ that for a Bloch (sd)-electron of wavevector k. The a& are phonon operators. E(5, R) is the lattice energy for a lattice of average f quasi-particle occupation i;i and average lattice spacing R. V is a localizedconduction band hybridization energy and 1 measures the coupling of the phonons to the localized electrons. Direct f-f overlap is ignored as also is hybridization with other bands (e. g. the p-band of the chalcogens) ; this latter approximation is probably unjustified a priori and will be commented on further later, but since it has been assumed by all previous authors in the intermediate valence problem and the ignored effects can be discussed by analogy with results of (I), it will be employed here for the moment. Other electron-electron and electron-phonon interactions are suppressed also as of secondary importance. The R-dependence of ek has been exhibited explicitly since it is the variation of ek with R which drives the pressure-induced transition, but the corresponding dependences of V and A are, however, suppressed. The microscopic justification of H, to account for ionic size effects will be discussed later.
With H I and H2 both non-zero even the simple Hamiltonian of (1) cannot be solved exactly but we may readily see how the two extremes discussed above result from considering XI or X2 as the dominant perturbation. Thus, if X, is zero the lattice and the electrons become uncoupled systems and the lattice energy at zero temperature is simply given by E(E, R). If X, is now included but considered only in HartreeFock approximation there is no change. This is the approximation. On the other hand, if XI is ignored the individual f-electron states must have integral occupation as assumed in the adiabatic approximation and the A term leads to distortion of the lattice around each lanthanide ion to take account of the dependence of ionic size on f-occupation. The electron and lattice systems can still be formally separated by a canonical transformation D-I XD where leading to the replacement of X, by in the transformed Hamiltonian % = D-' XD.
Retaining only i = j terms gives the further simplification
The effect of X2 is thus to change the effective lattice energy to and f-level energy to It should however be emphasized that when it is appropriate to use the adiabatic approximation, in practice one should calculate the lattice contribution to the energy beyond the harmonic approximation of (1). Nevertheless, the simple form (1) should act as a signal flag for the limiting approach to use in the complete system.
The appropriateness of the two approximations is thus determined by whether X I or X, should be considered the dominant perturbation. The simplest way to test this is to treat one of these terms exactly and the other as a perturbation. If the perturbation leads to effects small compared with those from the exactly treated part, then we argue that that particular procedure is the appropriate one and the static or adiabatic approximation should be used accordingly.
A related problem is that of the effective lifetime -of a pure ionic state particularly in the intermediate valence region. This lifetime is essentially given by the inverse of the width A of the local f-electron density of states. A finite A is a consequence of the hybridization XI. In the static approximation, A is little affected by X, but in the adiabatic case it is significantly reduced compared with the value which would result were Je, the only perturbation on X, (even if the ef and E terms were adjusted) ; this is due to a polaronic reduction mechanism. We shall consider these lifetime effects first.
In the presence of X, + X I alone the f-electron Green function is given by
where p is the Fermi energy. The local density of states follows from .the local Green function For well-separated f-level and conduction band, A is approximately given by
where W is the cbnduction bandwith and G the average gap between the f and conduction bands. In the intermediate valence region in which the localized level is pinned at the Fermi level, a virtual bound state approximation [3] gives from (7) to (lo), the correction to the imaginary part
The modification to the width A can be estimated from < A'') >, the average of A(l1(E) over an energy range A'') on either side of the f-resonance. This procedure is appropriate and the effect of electron-lattice coupling on the lifetime of a pure valence state negligible if < A(') > < A(0).
In the adiabatic case, on the other hand, the canonical transformation D-I XD should be made at the outset, El transforming into Thus Jel is replaced by an effective interaction in which the hybridization is accompanied by the production and/or absorption of an arbitrary number of phonons, albeit phase coherently. Physically the modification arises from the distortion of the lattice which occurs when the occupation of the f-shell is changed.
The effect of El may be examined perturbatively, subsets of contributions being summable to infinite order in (dlco). In diagrammatic language the phonon terms of El lead to two kinds of modification to the simple self-energy given by X 1 alone. These are (i) processes in which phonons are emitted and absorbed at the same vertex, and (ii) those involving an exchange between vertices. They are separable in their consequences, the infinite series of vertex corrections being summable leading to a multiplicative factor a l t 2 , where, at zero temperature, The self-energy corrections involving zero phonon exchange are thus scaled compared with those from X 1 alone by the polaonic factor a . Self-energy corrections due to higher order exchange are in general more complicated but simplify if approximations analagous to those used earlier are employed. We shall consider only two limits, (i) A >) ho, where w, is the Debye (or other characteristic) phonon frequency ; in this case the exchange series sums approximately to a -I so that the total self-energy is essentially that due to Je, alone ;
(ii) A <( hoD ; in this case only the lowest order exchange diagrams need be considered, the zero- The conditions for the energy to be considered in a static or an adiabatic approximation may be examined by analogous perturbation theory for the energy, or directly from the perturbation theory for the self-energies using the Feynman-Pauli procedure. The results are qualitatively as for the widths ; that is < A(') > < A(') + static approximation, no polaronic reduction, -N < A(') > <( A(') (( ho, -+ adiabatic approximation, polaronic reduction.
Let us now turn to the origin of (1) as a model to describe intermediate valence systems. For explicit illustration, we shall consider the Sm chalcogenides but the general discussion is more generally applicable. The electronic terms of (1) are based on quasi-particle considerations analogous to those employed by previous authors [2] . The lattice and electron-phonon interactions may be envisaged as arising from the following picture. Pure Sm++X--, where X is a chalcogenide, S, Se, or Te, is an ionic crystal of rocksalt structure and Sm+++X--e, if it existed, would be a metallic crystal of the same structure but a different lattice constant. The lattice energy of the ionic crystal arises from the electrostatic forces between the ions balanced by core repulsive forces, which may be parametrized in terms of the Born energy K exp (-Rlp) between nearest neighbour ions, R being their separation and p a characteristic lenght. In hypothetical Sm"' X--e, as also in the real triply ionized rareearth chalcogenides, the binding energy will be made up of electrostatic energy between the ions, with the excess positive charge screened by the conduction electrons, core repulsive energy, and weaker metallic energy from the interactions of the conduction electrons with the excess charges and among themselves. Because of the smaller size of the triply ionized rareearth ion, the corresponding Born length will however be smaller than that in Sm'+ X--. Compared with the other energies, the metallic energy is small andwill be ignored -among other things, this will have the consequence that conduction electron-phonon interactions will be omitted, but, provided physical phonons are employed, this is unlikely to have important consequences. We are thus led to a simple model for the dominant effects of ionic radius variation on a possibly intermediate-valence rare-earth chalcogenide. The lattice energy is envisaged as arising from electrostatic interactions between X --and core Smf + ions, the magnitude of the interaction depending on their relative separation, interactions between ThomasFermi-screened excess single positive charges on those ions which are triply ionized and their chalcogen neighbours, and Born repulsive energy between rareearth ions and neighbouring chalcogens with the characteristic repulsive length p a function of the ionization of the rare-earth ion. The dependence on the ionization is characterized by the operator ni = f+ fi, treated as a parameter in evaluating the lattice energy. Thus the Born repulsive energy between a rare-earth ion at Ri and its chalcogen neighbour at R,,, is taken as where c is a constant chosen such that A similar parametrization is used for the interaction of the screened excess charge with its neighbours, the local energy being proportional to the local occupation ni but the screening lenght determined in an averaged fashion, proportional to (1 -ii)ll6. The ions are not assumed to lie on a perfect rocksalt lattice but rather are allowed to deviate from such a lattice of spacing R by local deyiations ui, and the total energy is expanded as a power series in ( ni -E } and { ui ). The latter may be expressed in terms of phonon operators (of the lattice (R, Z)) in the standard manner. The terms of zeroth order in these perturbations then give E(5, B), those quadratic in { ui ) characterize the harmonic phonons, while X2 of eq. (4) has its origin in the terms linear in both { ni -Z ) and { ui ). Higher order terms in u characterize anharmonic effects ignored in (1) but believed to be of importance in practice in adiabatic situations [6] . Also in practice, the phonon frequencies should be taken from experiment, not least because of the well-known theoretical complexities of an adequate microscopic theory of ionic crystals [8] .
The static approximation takes ni -+ Z so that at T = OEstatiC (R, n ) = Ee,ect,,ic(R, E) f E(n, R). In the adiabatic approximation the ni are chosen randomly 1 or 0, with mean n, and local deformations are given by dE,,,,i,,/du, = 0 for all i with 2 ui = 0 ; this leads i to a set of non-linear strain equation which in the continuum limit and ignoring the anisotropy of the cubic lattice reduce to those of Anderson and Chui [6] . In both cases the thermodynamic properties are obtained by minimizing the total energy E (or, at finite temperatures, the free energy) with respect to Fi, restricted to lie between 0 and 1, and setting p = -(dE/dV). Continuous or discontinuous transitions as a function of p occur depending upon whether the resulting (dp/dV) is always positive or not, as in other sub-critical or overcritical transitions (cf. the liquid-gas transition and van der Waals' approximation to it).
In terms of the model just discussed for the lattice energy of a rare-earth chalcogenide 4, of eq. (4) where m* is the conduction band mass. Crude numerical estimates for Sm chalcogenides suggest that they should be treated in the adiabatic approximation and that polaronic effects are nonnegligible and should be taken into account in a microscopic evaluation of the f-electron lifetime ; a figure of ordre was obtained for the reduction factor but should be treated with caution in view of the exponential dependences involved and the crudeness of the model.
As mentioned earlier, it is unclear that interactions of f-levels with lower lying states such a the highest occupied chalcogen p-states can be ignored a priori.
Indeed in the absence of polaronic effects the resultant f-bandwidth would be expected to be non-negligible. In fact, however, the same sort of polaronic effects discussed above reduce the effective f-bandwith and a narrow f-bandwidth can be taken as indicative of such effects.
Finally we comment that in the pure valence cases such as SmS at normal pressure strong polaron effects lead to a Franck-Condon or relaxation shift effect of order in photoemission. We estimate this quantity for SmS as of order 0.2 eV which may be compared with the value of 0.65 eV found by Freeouf et al.
A more complete discussion of the approximations and mathematical details will be presented elsewhere.
